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(57) ABSTRACT

A steel characterized in that its composition 1s percentages by
weight:

C=0.18-0.30%

Co=1.5-4%

Cr=2-5%

Al=1-2%

Mo+W/2=1-4%

V=traces-0.3%

Nb=traces-0.1%

B=traces-30 ppm
N1=11-16% where Ni1=7+3.5 Al

Si=traces-1.0%
Mn=traces-2.0%
Ca=traces-20 ppm

Rare earths=traces-100 ppm

1f N=10 ppm, Ti1+Zr/2=traces-100 ppm where Ti+Z7r/2<10
N

11 10 ppm<N=20 ppm, Ti1+Zr/2=traces-150 ppm
O=traces-30 ppm

N=traces-20 ppm

S=traces-20 ppm

Cu=traces-1%

P=traces-200 ppm

the remainder being 1ron and inevitable impurities result-
ing from the smelting. A process for manufacturing a
part from this steel, and part thus obtained.

31 Claims, 1 Drawing Sheet
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HARDENED MARTENSITIC STEEL HAVING
A LOW COBALT CONTENT, PROCESS FOR

MANUFACTURING A PART FROM STEEL,
AND PART THUS OBTAINED

The invention relates to martensitic steel hardened by a
duplex system, 1.e. by precipitation of ntermetallic com-
pounds and of carbides obtained by means of suitable com-
position of the steel and suitable heat ageing treatment.

BACKGROUND

This type of steel provides:

very high mechanical strength, but at the same time high
toughness and ductility, in other words low sensitivity to
brittle failure; this very high strength subsists under hot con-
ditions up to temperatures of the order of 400° C.;

good fatigue properties, which notably implies the absence
of harmtul inclusions such as nitrides and oxides; this char-
acteristic has to be obtained by a suitable composition and
careful conditions for elaborating the liquid metal.

Further, 1t 1s carburizable and nitridable, so as to be able to
harden 1ts surface 1n order to give 1t good resistance to abra-
sion and lubricated friction.

Concervable applications of this steel concern all fields of
mechanics where structural or transmission parts are required
which have to combine very high loads, under dynamic
stresses and 1n the presence of induced or surrounding heat-
ing. In a non-exhaustive way, mention will be made of trans-
mission shatts, gearbox shaits, bearing axles, . . . .

The requirement of excellent hot mechanical strength in
certain applications prevents the use of carbon steels or so-
called “weakly alloyed™ steels, the strength of which starts to
degrade from 200° C. Further, the toughness of these steels 1s
generally no longer satisfactory when they are treated for
mechanical strength levels of more than 2,000 MPa, and,
generally, their “true” yield strength 1s much smaller than
their maximum strength measured 1n the tensile test: the yield
strength 1s therefore a dimensioning criterion which becomes
a penalty 1n this case. Maraging steels may then be used, for
which the yield strength limit 1s notably closer to their maxi-
mum tensile strength value, which have satisfactory strength
up to 350-400° C., and which turther provide good toughness
for very high mechanical strength levels. But these maraging
steels quite systematically contain high nickel, cobalt and
molybdenum contents, all elements which are costly and
subject to notable vanations of their quotation on the com-
modity market. They also contain titantum, used for 1ts strong,
contribution to secondary hardening, but which 1s mainly
involved in the lowering of the fatigue strength of maraging
steels due to the nitride TiN, the formation of which 1s quasi
impossible to avoid during the smelting of steels even con-
taining only a few tenths of percents.

In U.S. Pat. No. 5,393,488, a steel composition with sec-
ondary hardening was proposed without addition of titanium,
aiming at improving hot strength and especially improving
fatigue properties, ductility and toughness. This composition
has the drawback of requiring a high Co content (8 to 16%),
which makes the steel very expensive (N.B.: in the present
text, all the contents of the different elements are expressed in
weight %).

In document WO-A-2006/114499, a composition of hard-
ened martinsitic steel was proposed as well as an optimized
series ol heat treatments adapted to this composition which,
relatively to the prior art represented by U.S. Pat. No. 5,393,
388, have the advantage of only requiring a more reduced
cobalt content 1.e. between 5 and 7%. By adjusting the con-
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tents of the other elements and the parameters of the heat
treatments, accordingly, 1t was possible to obtain parts pro-

viding a set of very satisfactory mechanical properties, nota-
bly for aeronautical applications. These notably are a cold
tensile strength comprised between 2,200 MPa and 2,350
MPa, ductility and resilience at least equal to those of the best
high-strength steels, and under hot conditions (400° C.), a
tensile strength of the order of 1,800 MPa, as well as optimum
fatigue properties.

This steel 1s said to be “with duplex hardening”™ since its
hardening 1s obtained by simultaneous hardening precipita-
tion of intermetallic compounds and of carbides of the M,,C
type.

However, this steel always contains relatively large
amounts of cobalt. As this element 1s 1n any case expensive
and 1ts price 1s likely to be subject to significant fluctuations
on the commodity market, 1t would be important to find
means for further reducing its presence very substantially,
notably 1n materials intended for more ordinary mechanical

applications than aeronautical applications.
With the steels as proposed 1n WO-A-20061114499 and

U.S. Pat. No. 5,393,488, it 1s possible to obtain good resil-
ience but for certain applications the latter may prove to be
insuificient.

For the same applications, obtaining a very high tensile
strength (Rm) 1s also required.

SUMMARY OF THE INVENTION

An object of the invention 1s to provide a steel which may
notably be used for manufacturing mechanical parts such as
transmission shafts, or structural members, having higher
resilience while having a significant mechanical strength.
This steel should also have a lower manufacturing cost than
the most performing steels presently known for these uses, in
particular by a significantly more reduced cobalt content.

The mvention provides a steel characterized in that its
composition 1s 1n weight percentages:

C=0.18-0.30%

Co=1.5-4%, preterably 2-3%

Cr=2-3%

Al=1-2%

Mo+W/2=1-4%

V=traces-0.3%

Nb=traces-0.1%

B=traces-30 ppm

Ni1=11-16% where N1=7+3.5 Al

Si=traces-1.0%

Mn=traces-2.0%

Ca=traces-20 ppm

Rare earths=traces-100 ppm

11 N=10 ppm, T1+Zr/2=traces-100 ppm where T1+7r/2<10

11 10 ppm<N=20 ppm, Ti1+Zr/2=traces-150 ppm
O=traces-50 ppm
N=traces-20 ppm
S=traces-20 ppm
Cu=traces-1%
P=traces-200 ppm
the remainder being 1ron and inevitable impurities result-
ing from the smelting.
It preferably contains C=0.20-0.25%.
It preferably contains Cr=2-4%.
It preferably contains Al=1-1.6%, better 1.4-1.6%.
It preferably contains Moz=1%.
It preferably contains Mo+W/2=1-2%.
It pre:

‘erably contains V=0.2-0.3%.
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It preferably contains N1=12-14%, with N1=7+3.5 Al.

It preferably contains Nb=traces-0.05%

It preferably contains Si=traces-0.25%, better traces-
0.10%.

It preferably contains O=traces-10 ppm.

It preferably contains N=traces-10 ppm.

It preferably contains S=traces-10 ppm, better traces-35
ppm.

It preferably contains P=traces-100 ppm.

Its measured martensitic transformation temperature Ms 1s
preferably greater than or equal to 100° C.

Its measured martensitic transformation temperature Ms
may be greater than or equal to 140° C.

The present invention provides a method for manufactur-
ing a steel part, characterized 1n that 1t includes the following
steps preceding the finishing of the parts which gives it its
definitive shape:

preparation of a steel having the previous composition;

at least one operation for shaping this steel;

soltening tempering at 600-675° C. for 4 to 20 hrs followed
by cooling 1n air;

solution heat treatment at 900-1,000° C. for at least 1 hr,
tollowed by sufliciently fast cooling 1n o1l or air 1n order to
avold precipitation of intergranular carbides 1n the austenite
matrix;

age hardening at 475-600° C., preferably 490-525° C. for
5-20 hrs.

It further preferably includes a cryogenic treatment at —50°
C. or lower, preferably between —80° C. and -100° C. or
lower but not below =110° C., 1n order to transform all of the
austenite 1nto martensite, the temperature being 150° C.
lower or more than the measured Ms, at least one of said
treatments lasting between 4 hrs and 50 hrs and preferably
between 4 hrs and 10 hrs.

It further preferably includes a treatment for softening
crude quenched martensite carried out at 150-250° C. for4-16
hrs, followed by quiet air cooling.

The part also preferably undergoes carburization, or nitri-
dation, or carbonitridation.

Nitridation, or cementation, or carbonitridation may be
carried out during an ageing cycle.

A nitridation may be carried out between 475 and 600° C.

Said nitridation or carburization or carbonitridation may be
carried out during a thermal cycle before or simultaneously
with said solution heat treatment.

The mvention also provides a mechanical part or part for a
structural member, characterized in that 1t 1s manufactured
according to the previous method.

This may notably be an engine transmission shait, or an
engine suspension device or a landing gear member or a
gearbox member or a bearing axle.

As this will have been understood, the invention 1s first
based on a steel composition which 1s distinguished from the
prior art represented by WO-A-20061114499 notably by
lower Co content but remaining significant, comprised
between 1.5 and 4%. The contents of the other most frequent
significantly present alloy elements are only modified very
little, but certain contents of impurities have to be caretully
controlled.

Co 1s a costly element, the content of which has been
significantly reduced as compared with the prior art, without
however suppressing it or bringing 1t to a very low level. The
steel according to the invention generally contains rather few
costly addition elements, apart from nickel, the content of
which 1s not however increased as compared with the prior
art. But, particular care should be taken during the smelting 1n
order to limit the nitrogen content to at most 20 ppm 1n order
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to avoid as far as possible formation of aluminium nitrides.
The maximum titantum and zirconium contents also have to
be limited accordingly 1n order to prevent them from forming
nitrides with residual nitrogen.

The steel of the imvention may be machined in the
quenched state, with tools adapted to a hardness o1 45HRC. It
1s intermediate between maraging steels (which are crude
quenched machinable steels since they have low carbon soft
martensite) and carbon steels which have to be essentially
machined 1n the annealed state.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood upon reading the
description which {follows, given with reference to the
appended FI1G. 1, which shows, for samples of various com-
positions, their tensile strength Rm and their toughness Kv.

DETAILED DESCRIPTION

In the steels of the class of those of the invention, “duplex”™
hardening is carried out, 1.e. obtained together by intermetal-
lic compounds of the [3-Ni1Al type and by carbides ot the M,,C
type, 1n the presence of reversion austenite formed/stabilized
by nickel enrichment obtained by diffusion during age hard-
enming, which gives ductility to the structure by the formation
of a sandwich structure (a few % of stable and ductile auste-
nite between the laths of hardened martensite).

The formation of nitrides, of 11, Zr and Al notably, should
be avoided, which are embrittling: they deteriorate the tough-
ness and fatigue strength. As these nitrides may precipitate
from contents of 1 to a few ppm of N 1n the presence of 11, Zr
and/or Al and as conventional smelting means make 1t diffi-
cult to attain less than 5 ppm of N, the steel of the invention
observes the following rules.

In principle, any addition of Ti 1s limited (maximum
allowed: 100 ppm), and N 1s limited as far as possible.
According to the invention the N content should not exceed
20 ppm and, better 10 ppm, and the Ti content should not
exceed 10 times the N content.

Nevertheless, proportioned addition of titanium at the end
of the smelting 1n the oven under vacuum 1s conceivable 1n
order to bind the residual nitrogen and thereby avoid harmiul
precipitation of the nitride AIN. As however formation of the
nitride TiN 1n the liquid phase should be avoided since 1t
becomes coarse (from 5 to 10 um or more), addition of tita-
nium should only be carried out for a maximum residual
nitrogen content of 10 ppm 1n the liquid metal, and always
without exceeding 10 times this residual nitrogen value. For
example, for a final content of 8 ppm of N at the end of the
smelting, the limiting content of possible addition of titanium
1s 80 ppm.

T1 may be partly or totally replaced with Zr, both of these
clements having a quite comparable behavior. As their atomic
masses are 1n a ratio of 2, if Zr 1s added 1n addition to or
instead of T1, one should think 1n terms of the sum T1+7r/2 and
state that, while N<10 ppm:

T1+7Zr/2 should always be <100 ppm;

and Ti1+Z7r/2 should be <10 N.

In the case when the N content 1s greater than 10 ppm and
less than or equal to 20 ppm, 11 and Zr should be considered
as impurities which should be avoided, and the sum Ti1+Zr/2
should be =150 ppm.

Possible addition of rare earths at the end of the smelting
may also contribute in binding a fraction of N, 1n addition to
S and O. In this case, 1t should be made sure that the residual
rare earth content 1n free form remains less than or equal to
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100 ppm, and preferentially less than or equal to 50 ppm since
these elements embrittle steel when they are present beyond
these values. It 1s believed that oxynitrides of rare earths (for
example La) are less harmtul than nitrides of T1or Al, because
of their globular shape which would make them less likely to
form fatigue break initiation points.

A calcium treatment may be performed 1n order to com-
plete the deoxidation/desuliurization of the liquid metal. This
treatment 1s preferentially conducted with possible additions
of T1, Zr or rare earths.

The carbide M,,C of Cr, Mo, W and V containing very little
Fe 1s preferred for its hardeming and non-embrittling proper-

ties. The carbide M,C 1s metastable with regard to the equi-
librium carbides M,C, and/or M,C and/or M, ,C.. It 1s stabi-

lized by Mo and W. The sum of the Mo content and half the W
content should be at least 1%. However, Mo+W/2=4% should
not be exceeded 1n order not to deteriorate forgeability (or hot
deformability as a rule) and not to form 1ntermetallic u phase
compounds of the Fe-Mo type, which is one of the essential
hardening phases of standard maraging steels but 1s not
desired 1n the steel of the invention. Preferably, Mo+W/2 1s
comprised between 1 and 2%. It 1s also for avoiding the
formation ol non-hardening T1 carbides likely to embrittle the
grain boundaries that an imperative limitation of the T1 con-
tent to 100 ppm of the steels according to the mmvention 1s
required.

Cr and V are elements which activate the formation of
“metastable” carbides.

V also forms carbides of the MC type, stable up to tem-
peratures of solution heat treatment, which “block™ the grain
boundaries and limit the growth of grains during high tem-
perature heat treatments. V=0.3% should not be exceeded in
order not to bind too much C 1n 'V carbides, during the solution
heat treatment cycle, to the detriment of the carbide M,C of
Cr, Mo, W, V, the precipitation of which 1s sought during the
subsequent ageing cycle. Preferably the V content 1s com-
prised between 0.2 and 0.3%.

The presence of Cr (at least 2%) allows a reduction 1n the
level of V carbides and an increase 1n the level of M,C. 3%
should not be exceeded 1n order not to promote too much the
formation of stable carbides, in particular, M, ,C.. Preferably
4% of Cr will not be exceeded.

The presence of C promotes the occurrence of M,C rela-
tively to the u phase. But excessive content causes segrega-
tions, a lowering of Ms and leads to difficulties during manu-
facturing on an mdustrial scale: sensitivity to clinks (surface
cracks during fast cooling), difficult machinabaility of a too
hard martensite 1n the crude quenched state . . . . Its contents
should be comprised between 0.20 and 0.30%, preferably
0.20%-0.25%. The surface layer of the parts may be enriched
with C by carburization or carbonitridation 1 very large sur-
face hardness 1s required 1n the contemplated applications.

Cobalt somewhat raises the ductile/brittle transition tem-
perature which 1s not favorable 1n particular in compositions
with rather low nickel contents, while, unlike what was
noticeable 1n other steels, cobalt does not obviously raise the
Ms transtormation point of the compositions of the invention
and 1s therefore of not any obvious interest either in this
regard.

The Co content (5 to 7%) proposed 1n the steels of WO-A -
2006/114499, in combination with the contents of other ele-
ments, resulted from the search for a compromise between
these various advantages and drawbacks.

As this was stated, the invention 1s first based on a steel
composition which 1s distinguished from the prior art repre-
sented by WO-A-2006/114499 notably by a lower Co con-

tent, comprised between 1.5 and 4%, better between 2 and
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3%. The contents of the most frequent significantly present
alloy elements are only modified a little, but certain impurity
contents have to be controlled carefully, notably the T, Zr and
N contents which atfect toughness.

Within the context of an exploration of the effect of Co on
the mechanical properties of this type of steel (Rm and Kv), 1t
was unexpectedly shown that by adjusting the concentration
ol this element 1t was possible to obtain the best resilience/Rm
compromise. This discovery is illustrated in FIG. 1 1n which
it 1s seen that a population of points Rm/Kv 1s distributed
around a polynomial curve of order 3 having an inflection for
Co contents comprised between 1.5 and 4% of Co. A resil-
ience of the order o1 30 Joules or more and an Rm greater than
or equal to 2,140 MPa are simultaneously obtained 1n this Co
content range.

Having an unnecessarily high Co concentration should be
avoided, which not only 1s very expensive, but also degrades
resilience. It 1s known that Co degrades the resilience transi-
tion of pure Fe, (pages 52-54, Materials Sciences and Tech-
nology January 1994 Vol. 10). Indeed, as this was stated, the
presence of Co increases the ductile/brittle transition tem-
perature. Moreover a Co content of more than 1.5% of Co
proves to be usetul for improving structural hardening by
precipitation ol carbide M,C and thereby sigmificantly
increasing Rm. Further, surprisingly, the imnventors noticed
that after several tests, a Co content comprised between about
1.5 and 4%, better between 2 and 3%, significantly improves
mechanical strength practically without degrading resilience,
as compared with a grade having very low Co content (<1%),
the composition of which would moreover be 1dentical.

N1 and Al are related 1n the invention, wherein N1 should
be =7+3.5 Al. These are two essential elements which are
involved for a large part in age hardening, by means of the
precipitation of the nanometric intermetallic phase of the B2
type (N1Al for example). It 1s this phase which gives a great
part of the hotmechanical strength up to about 400° C. Nickel
1s also the element which reduces brittleness by cleavage
since 1t lowers the ductile/brittle transition temperature of
martensites. If Al 1s too high relatively to Ni, the martensitic
matrix 1s too strongly depleted 1n nickel following the pre-
cipitation of the precipitate which hardens N1Al during age-
ing. This 1s damageable for toughness and ductility criteria,
since the lowering of the nickel content 1n the martensitic
phase leads to the raising of its ductile/fragile transition tem-
perature, therefore to 1ts embrittlement at temperatures close
to room temperature. Further, nickel promotes the formation
ol reversion austenite and/or stabilizes the residual austenite
fraction (possibly present), during the ageing cycle. These
mechanisms are favorable to the ductility and toughness cri-
teria, but also to those of structural stability of the steel. It the
aged matrix 1s too depleted 1n mickel, these virtuous mecha-
nisms are reduced or inhibited: there 1s no longer any rever-
s1on austenite potential. Conversely 11 there 1s too much Ni,
the level of Ni1Al type hardening phase 1s exaggeratedly
reduced, by exaggerating the reversion austenite level in
which Al remains widely 1n solution.

At the end of the quench, there should not be any residual
austenite (<3%), and an essentially martensitic structure
should be found. For this purpose, the conditions of quench-
ing have to be adjusted, in particular the temperature at the
end of cooling, and also the composition of the steel. The
latter determines the temperature Ms of the onset of the mar-
tensitic transformation, which, according to the invention
should preferably remain equal to or greater than 140° C. if no
cryogenic cycle 1s practiced, and should preferably be com-
prised between 100 and 140° C. 11 a cryogenic cycle 1s prac-
ticed.

.
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Ms 1s usually calculated according to the standard formula
of the literature: Ms=550-350xC %-40xMn %-17xCr %-10x

Mo %-17xN1 %-8xW %-35xV %-10xCu %-10xCo %+30x

Al %° C. However, experience shows that this formulais only
a very rough estimation, in particular because the effects of
Co and of Al are very variable from one type of steel to
another. In order to know whether a steel 1s compliant with the

invention or not, it 1s therefore necessary to rely on measure-
ments of the actual Ms temperature, for example carried out
by dilatometry as this 1s conventional. The Ni content 1s one
of the possible adjustment variables for Ms.

The temperature at the end of cooling after quenching
should be less than the actual Ms-130° C., preferentially less
than the actual Ms-200° C., in order to ensure full martensitic
transformation of the steel. The temperature at the end of
cooling should therefore be less than the temperature Ms
measured at the end of the martensitic transformation of the
steel. For compositions which are the most enriched with C
and N1 1n particular, a cryogenic treatment may immediately
be applied following cooling to room temperature from the
solution heat treatment temperature. The overall cooling rate
should be as high as possible 1n order to avoid stabilization
mechanisms of the carbon-rich residual austenite. However it
1s unnecessary to seek cryogenic temperatures below —110°
C. since thermal agitation of the structure becomes 1nsuili-
cient therein for producing the martensitic transtormation.
Generally, 1t 1s preferable that the value Ms of the steel be
comprised between 100 and 140° C. 1f a cryogenic cycle 1s
applied, and greater than or equal to 140° C. 1n the absence of
this cryogenic cycle. As already applied for martensitic steels
hardened by a duplex system and as already known from
WO-A-2006/114499, the duration of the cryogenic cycle, 1f
necessary, 1s comprised between 4 and 50 hours, preferen-
tially from 4 to 16 hours, and still preferentially from 4 to 10
hours. Several cryogenic cycles may be practiced, 1t being
essential that at least one of them has the aforementioned
characteristics.

In concrete terms, one should have Al=1-2%, preferably

1-1.6%, better 1.4-1.6%, and N1=11-16%, with N1=7+3.5 Al.
Ideally, one has 1.5% of Al and 12-14% of Ni. These condi-
tions promote the presence of N1Al which increases the ten-
sile strength Rm, which 1s also found to be not too deterio-
rated by the low Co content 1f the other conditions of the
invention are met. The yield strength R , 1s influenced in the
same way as Rm.

As compared with steels known from U.S. Pat. No. 5,393,
488, where a very high presence of reversion austenite 1s
sought 1n order to have high ductility and toughness, the steels
of the class of the invention prefer the presence of hardening
phases B2, notably N1Al, 1n order to obtain high hot mechani-
cal strength. Observance of the conditions on N1 and Al which
have been given ensures a suilicient potential content of
reversion austenite in order to preserve ductility and tough-
ness suitable for the contemplated applications.

It 1s possible to add B, but not more than 30 ppm 1n order
not to degrade the properties of the steel.

It 1s also possible to add Nb for controlling the size of the
grains during forging or another hot transformation, at a con-
tent which does not exceed 0.1%. The steel according to the
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invention therefore accepts raw materials which may contain
non-negligible residual Nb contents.

A characteristic of the steels of the class of the invention 1s
also the possibility of replacing at least one portion of Mo
with W. At an equivalent atomic fraction, W segregates less
upon solidification than Mo and provides a surplus of hot
mechanical strength. It has the drawback of being costly and
this cost may be optimized by associating 1t with Mo. As this
was stated, Mo+W/2 should be comprised between 1 and 4%,
preferably between 1 and 2%. A mimnimum Mo content of 1%
1s preferably retained 1n order to limit the cost of the steel, all

the more so since high temperature strength 1s not a priority
objective of the steel of the invention.

Cu may range up to %. It 1s likely to be ivolved 1n hard-
ening by means of 1ts epsilon phase, and with the presence of
N1, 1ts harmiul effects may be limited, in particular the occur-
rence ol surface cracks upon forging parts, which are seen
during additions of copper in steels which do not contain
nickel. But 1ts presence 1s by no means indispensable and 1t
may only be present in the state of residual traces, stemming
from pollutions of raw materials.

Manganese 1s a priori not useful for obtaining the sought
properties of the steel, but it does not have any recognized
detrimental effect. Further, 1ts low vapor pressure at liquid
steel temperatures causes 1ts concentration to be controllable
with difficulty during its smelting under vacuum and remelt-
ing under vacuum: 1ts content may vary depending on the
radial and axial localization 1n a remelted 1ngot. As 1t 1s often
present in raw materials and for the reasons above, 1ts content
will preferentially be of 0.25% at most, and 1n any case
limited to at most 2%, since too large varnations of 1ts con-
centration 1n a same product will be detrimental to the repeti-
tiveness of the properties.

Silicon 1s known to have a ferrite solid solution hardening
cifect, and like cobalt, to reduce the solubility of certain
clements or certain phases 1n the ferrite. Nevertheless, as this
has been seen, the steel of the mvention only 1ncludes rela-
tively little cobalt, and 1t may do without silicon, all the more
so since, additionally, silicon generally promotes precipita-
tion of detrimental intermetallic phases 1n complex steels
(Laves phase, silicides . . . ). Its content will be limited to 1%,
preferentially to less than 0.25% and still preferentially less
than 0.1%.

Generally, the elements which may segregate to the grain
boundaries and embrittle them such as P and S should be
controlled within the following limited: S=traces-20 ppm,
preferably traces-10 ppm, better traces-5 ppm, and P=traces-
200 ppm, preferably traces-100 ppm, better traces-30 ppm.

Ca may be used as a deoxidant and as a sulfur scavenger,
and 1t 1s finally found residually (=20 ppm). Also, rare earth
residues may finally subsist (=100 ppm) following a treat-
ment for refining the liquid metal where they would have been
used for capturing O, S and/or N. The use of Ca and of rare
carths for these purposes 1s not mandatory, these elements
may only be present as traces in the steels of the invention.

The acceptable oxygen content 1s 50 ppm at most, prefer-

ably 10 ppm at most.
As examples, steel samples were tested for which the com-
positions (in weight percentages) are copied into Table 1:

TABL.

L1

1

Cmmpc-siti-:-n of the test samples

Field of the Invention

A B
(ref.) (ref.) C
C % 0.233 0.239 0.22
S1% 0.082 0.031 0.029
Mn % 0.026 0.033 0.032

D F F G H I ] K (ref)
0.23 0.24 0.21 024 022 018 023 021
0.033  0.041 0.045 0.053 0.036 0.065 030  0.052
0.035  0.028  0.035 0.039 0.041 038 00352 0.061
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A B Field of the Invention

(ref.) (ref.) C D E g G H I J K (ref.)
S ppm 1 4 7 4 6 7 3 8 10 5 4
P ppm 54 30 29 31 30 25 15 28 80 45 29
Ni % 13.43 12.67 13.31 12.42 12.30 14.11 12.99 12.70 15.10 11.25 12.91
Cr% 2.76 3.38 2.99 3.05 3.21 3.19 2.95 3.25 3.17 3.17 2.%9
Mo % 1.44 1.52 1.61 1.52 1.49 1.46 1.47 1.51 1.48 1.55 1.46
Al % 0.962 1.50 1.45 1.50 1.60 1.54 1.46 1.49 1.53 1.48 1.39
Co % 10.25 6.1% 3.93 3.50 3.02 2.9% 2.56 2.30 2.02 1.72 0.5
Cu % 0.014 0.011 <0.010 0.011 0.010 <(0.010 0.025 0.35 0.052 0.061 0.032
T1 % <0.02 <0.020 <0.020 <(0.020  <0.020 <(0.020 0.025 <0.02 <(0.02 <0.02 <(0.02
Nb % <(.05 <(0.0050 <(0.0050 0.050 <0.0050 0.015 <0.005 <0.005 <0.005 <0.005 =<0.005
Bppm <10 <5 <5 <5 <5 <5 <5 28 15 <5 <5
Capm <50 <50 <50 <50 <50 60 <50 <50 <50 <50 <50
N ppm <3 13 4 7 5 10 6 3 6 <3 <3
O ppm <3 3.4 4 3 10 15 <3 12 <3 20 6
V % <0.01 0.245 0.251 <0.010 0.248 0.243  <0.010 0.115 0.292 0.241 <0.010

The elements which are not mentioned 1n the table are only
present at most as traces resulting from the smelting.

The reference steel A corresponds to a steel according to
U.S. Pat. No. 5,393,488, having high Co content.

The reference steel B corresponds to a steel WO-A-
20061114499, 1t differs from A by lower Co content and
higher Al content.

The steels C to ] are compliant with the invention in all
respect, notably by their Co content, significantly lower than
that of the steel B, but which nevertheless remains substan-
tially greater than a simple residual content and 1s obtained by
deliberate addition during smelting.

The steel C differs from the reference steel B essentially by
lower Co content.

The steel D differs from C by a slightly lower Co content
for a lower Ni content, and by the absence of V which 1s only
present as traces.

The steel E differs from D by a still lower Co content than
that of D and by a V content at a level comparable with the
steel C.

The steel F differs from C, D, E essentially by a slightly
greater N1 content, 1ts Co content being comparable with that
of the steel E.

The steel G differs from steels C to F by a further reduced
Co content and does not include any V.

The steel H differs from the steel G by further enhanced

lowering of the Co content and by a significantly higher boron
content.

The steel I differs from the steel H by further enhanced
lowering of the Co content, and by lower C content associated
with higher N1 content.

The steel I 1s the one for which the composition has the
lowest Co content, while corresponding to voluntary addition
and which remains compliant with the invention. It also has
the lowest N1 content and 1includes V.

The reference steel K has a low Co content below the
mimmum required by the invention. It 1s comparable on the
other points to steels according to the invention withoutany V
and B and with very low N.

These samples were forged from 200 kg ingots as flat
members of 75x35 mm under the following conditions. A
homogenization treatment of at least 16 hours at 1,250° C. 1s
tollowed by a first forging operation intended to split up the
coarse structures of the ingots; half-products with a square
section o1 75x75 mm were then forged after re-thermalization
at 1180° C.; finally, each halt-product was placed in an oven
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at 950° C., and was then forged at this temperature in the form
of flat members o1 75x3 35 mm, the granular structure of which
1s refined by these successive operations.

Further, the samples were subject to softening tempering at
a temperature of at least 600° C. In this case, this softening
tempering was carried out at 650° C. for 8 hrs and followed by
cooling 1n air. By means of this, the crude products of thermo-
mechanical transformations may undergo without any par-
ticular problems the finishing operations (straightening,
scalping, machining . . . ) giving the part 1ts definitive shape.
It will be noted that softening tempering does not provide any
contribution to obtaining the final mechanical characteristics.

After the forging, the samples were subject to:

a solution heat treatment at 900° C. for 1 hr and then to
cooling by quenching 1n o1l;

in a way known per se and as already applied for marten-
sitic steels hardened by a duplex system such as for example
the steel of WO-A-2006/114499: cryogenic treatment at —80°
C. for 8 hrs for the samples A, B, C, E, G, I, ] and K; the
samples D and H were subject to a cryogenic treatment at
—-90° C. for 7 hrs and sample F to a treatment at —100° C. for
6 hrs;

stress-relieving tempering for 16 hrs at 200° C.;

age hardening at S00° C. for 10 hrs and then cooling 1n atr.

The properties of the samples (tensile strength Rm 1n the
longitudinal direction, yield strength Rp, ,, elongation A5d,
striction Z, resilience KV, ASTM grain size) are copied nto
Table 2. They are measured here at normal room temperature.

TABL.

(Ll

2

Properties of the tested samples

R,, Rps->  ASd Z KV Grain
Co (Mpa) (Mpa) (%) (%) () ASTM
Ref. A 10.25 2176 1956  11.2 38 25/27 8
B 6.18 2316 2135 9.5 49 20/24 8
Inv. C 3.93 2220 2030 101 32 29 7
D 3.50 2208 2011 10.3 55 31 9
E 3.02 2200 1998 103 55 30 8
I 2.98 2140 1935 109 61 32 7
G 2.56 2188 1975 10.7 60 31 7
H 2.30 2150 1945 10.6 61 33 8
I 2.02 2185 1970 104 39 31 7
J 1.72 2170 1943 104 60 33 8
Ref. K 0.5 2085 1891 11.1 62 34 7
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It 1s seen that the samples according to the mvention, C to
I, have tensile properties which are comparable to A and B but
also clearly improved resilience due to significant lowering of
the Co content.

Moreover, the inventors noticed that after several tests, a
Co content comprised at between 1.5 and 4% significantly
improves mechanical strength, practically without degrading
the resilience as compared with the reference sample K with
0.5% Co. With the sample K with less than 1.5% Co, it 1s
possible to maintain also good resilience, but with reduced
tensile strength.

It was unexpectedly shown that with the Co concentration
according to the invention the best resilience/Rm compro-
mise may be obtained. This discovery 1s illustrated 1n FIG. 1
in which it 1s seen that a population of points Rm/Kb 1s
distributed around a polynomial curve of order 3 having
inflection between 1.5 and 4% of Co. A resilience of the order
of 30 Joules or more and Rm greater than or equal to 2,140
MPa are obtained in this range of Co contents.

The sought strength/resilience compromise may moreover
be refined by moditying the ageing conditions, but adjust-
ment of the Co content remains the essential parameter which
has to be acted upon 1n order to obtain this compromise.

The hardening provided by the increase in Al, with high Ni,
in order to form the hardening phase NiAl, 1s not proportional
to the Al concentration and exceeding a value of 2% Al does
not provide any significant gain in the tensile strength.

The Nb and B additions of the samples D and H respec-
tively are not necessary for obtaining high mechanical
strengths which are in priority targeted 1n steels of the class of
the invention. However, by adding Nb, 1t 1s possible to refine
the grain size, described by the Conventlonal ASTM 1ndex
(the highest ASTM values correspond to the finest grains).

After softeming tempering at 650° C. for 8 hrs and cooling
in air, with a solution heat treatment at 935° C. for 1 hour
tollowed by cooling in o1l, and then with a cryogenic treat-
ment at —80° C. for 8 hrs or at —=90° C. for 7 hrs or further at
—100° C. for 6 hrs, and then detensioning at 200° C. for 8 hrs
(on tensile specimens) or for 16 hrs (onresilience specimens),
and then by ageing at 500° C. for 12 hrs followed by cooling
1n air, 1t was possible to obtain in the longitudinal direction at
20° C. an excellent compromise between tensile strength,
ductility and resilience.

Complementary experiments show that 1n the cross-direc-
tion, the resilience values remain acceptable. At 400° C., the
tensile strength remains very high and relatively low Co con-
tents are compatible with the sought properties

Generally, an optimized heat treatment method for the steel
according to the mvention 1n order to finally obtain a part
having the desired properties, after shaping the blank of the
part and before the fimishing providing the part with 1ts defini-
tive shape, 1s the following;:

soitening tempering at 600-675° C. for 4 to 20 hrs followed
by cooling 1n air;

solution heat treatment at 900-1,000° C. for at least 1 hr,
tollowed by suiliciently fast cooling with o1l or air 1n order to
avold precipitation of granular carbides in the austenite
matrix;

if necessary, cryogenic treatment at —50° C. or lower, pret-
erably between —80° C. and -100° C. or lower but not below
-110° C., 1n order to transform all the austenite into marten-
site, the temperature being less than Ms by 150° C. or more,
preferentially less than Ms by about 200° C., at least one of
said cryogenic treatments lasting for at least 4 hrs and at most
50 hrs and preferably between 4 hrs and 10 hrs; for compo-
sitions notably having a relatively low N1 content which leads
to a relatively high temperature, Ms, this cryogenic treatment
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1s less usetul; the duration of the cryogenic treatment notably
depending on the bulkiness of the part to be treated;

optionally a treatment for softening the crude quenched
martensite carried out at 150-250° C. for 4-16 hrs, followed
by quiet air cooling;;

age hardening at 475-600° C., preferably at 490-525° C. for
5-20 hrs; ageing below 490° C. 1s not always recommended
since the metastable carbide M,C may still be present and
would provide brittleness to the structure; ageing beyond
525° C. may cause a loss of mechanical strength by ageing,
without any notable gain in toughness or ductility.

In the examples which have been described, the operations
for shaping the steel following 1ts casting and preceding the
soltening tempering and the other heat treatments consisted
in forging. But other types of hot and/or cold shaping thermo-
mechanical treatments may be performed in addition to or
instead of this forging, depending on the type of final product
which one desires to obtain (die-stamped parts, bars, hali-
products . . . ). Mention may notably be made of rolling
operation(s), die-stamping, stamping . . . as well as a combi-
nation of several of such treatments.

The preferred applications of the steel according to the
invention are long-lasting parts for mechanical engineering
and structural members, for which a cold tensile strength of
more than 2,150 MPa should be available, combined with
resilience Values greater than those of the best high strength
steels, and under hot conditions (400° C.) a tensile strength of
the order of 1,800 MPa, as well as optimum fatigue proper-
ties.

The steel according to the invention also has the advantage
of being carburizable, nitridable and carbonitridable. It 1s
therefore possible to impart to the parts using it, high abrasion
resistance without affecting 1ts core properties. This 1s par-
ticularly advantageous 1n the contemplated applications
which have been mentioned.

Carburization, or nitridation, or carbonitridation, may
optionally be carried out during the solution or ageing heat
treatments mnstead of being carried out during a separate step.
In particular, nitridation may be carried out between 475 and
500° C. during an ageing cycle.

The mvention claimed 1s:

1. A method for producing a part from steel, the method
comprising the following steps preceding the finishing of the
part providing 1t with 1ts definitive shape:

preparing a steel part having a steel composition compris-

ing, in weight percentages, the following:
C=0.18 to 0.30%:;

Co=1.5 to 4%;

Cr=2 to 5%:;

Al=1 to 2%:

Mo+W/2=1 to 4%:;

V=traces to 0.3%;

Nb=traces to 0.1%;

B=traces to 30 ppm:;

Ni1=11 to 16%;

Si=traces to 1.0%:;

Mn=traces to 2.0%;

Ca=traces to 20 ppm;

Rare earths=traces to 100 ppm;

if N=10 ppm, Ti+Zr/2=traces to 100 ppm where T1+Zr/
2=<10xN;

if 10 ppm<N=20 ppm, T1+Zr/2=traces to 150 ppm;

O=traces to 50 ppm;

N=traces to 20 ppm;

S=traces to 20 ppm;

Cu=traces to 1%:;

P=traces to 200 ppm; and
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the remainder being iron and inevitable impurities
resulting from smelting, the composition of the steel
simultaneously satisfying the relationship Niz7+
(3.5xAl);
shaping the steel part by at least one operation;
soltening tempering the steel part at 600 to 675° C. for 4 to
20 hours followed by cooling 1n air;
treating the steel part with a solution heat treatment at 900
to 1,000° C. for at least 1 hour, followed by fast cooling
the steel part 1n o1l or air to avoid precipitation of inter-
granular carbides 1n an austenite matrix; and
age hardeming the steel part at 475 to 600° C., for 5 to 20
hours.
2. The method according to claim 1 wherein the age hard-

ening 1s performed at 490 to 525° C.

3. The method for manufacturing a steel part according to
claim 1 further comprising treating the steel part with a cryo-
genic treatment at —50° C. or lower, transforming all the
austenite into martensite, wherein the temperature 1s less than
a measured Ms by 150° C. or more, wherein the cryogenic
treatment lasts between 4 hours and 50 hours.

4. The method for manufacturing a steel part according to
claim 3 wherein the cryogenic treatment 1s performed
between —80° C. and -110° C.

5. The method for manufacturing the steel part according to
claim 3 wherein the cryogenic treatment 1s between 4 hours
and 10 hours.

6. The method for manufacturing a steel part according to
claim 1 further comprising a treatment for soitening a crude
quenched martensite carried out at 130 to 250° C. for 4 to 16
hours, followed by quiet air cooling.

7. The method for manufacturing a steel part according to
claim 1 further comprising the steel part undergoing carbur-
1zation or nitridation or carbonitridation.

8. The method for manufacturing a steel part according to
claim 7 wherein the nitridation or carburization or carboni-
tridation 1s carried out during an ageing cycle.

9. The method for manufacturing a steel part according to
claim 8 wherein the nitridation 1s carried out between 475 to
600° C.

10. The method for manufacturing a steel part according to
claim 7 wherein the nitridation or carburization or carboni-
tridation 1s carried out during a thermal cycle before or simul-
taneously with the solution heat treatment.

11. A mechanical part or part for a structural member,
wherein the part 1s manufactured by the method according to
claim 1.

12. The mechanical part according to claim 11 wherein the
mechanical part 1s one of an engine transmission shait, an
engine suspension device, a landing gear member, a gearbox
member or a bearing axle.

13. The method for manufacturing a steel part according to

claim 1 wherein the steel composition contains between 2 to
3% of Co.
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14. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between 0.20
to 0.25% of C.

15. The method for manufacturing a steel part according to

claim 1 wherein the steel composition contains between 2 to
4% of Cr.

16. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between 1 to
1.6% of Al.

17. The method for manufacturing a steel part according to

claim 1 wherein the steel composition contains between 1.4 to
1.6% of Al.

18. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between 1 to

4% of Mo.

19. The method for manufacturing a steel part according to
claaim 1 wherein the steel composition contains Mo+W/2
being between 1 to 2%.

20. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between 0.2 to
0.3% of V.

21. The method for manufacturing a steel part according to
claim 1 wherein the steel contains N1=12 to 14%.

22. The method for manufacturing a steel part according to
claam 1 wherein the steel composition contains between
traces to 0.05% of Nb.

23. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between
traces to 0.25% of S1.

24. The method for manufacturing a steel part according to
claim 23 wherein the steel composition contains between
traces to 0.10% of S1.

25. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains traces to 10
ppm of O.

26. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between
traces to 10 ppm of N.

277. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between
traces to 10 ppm of S.

28. The method for manufacturing a steel part according to
claiam 27 wherein the steel composition contains between
traces to S ppm of S.

29. The method for manufacturing a steel part according to
claim 1 wherein the steel composition contains between
traces to 100 ppm of P.

30. The method for manufacturing a steel part according to
claim 1 wherein the steel composition has a measured mar-
tensitic transformation temperature Ms greater than or equal
to 100° C.

31. The method for manufacturing a steel part according to
claim 30 wherein the measured martensitic transformation
temperature Ms 1s greater than or equal to 140° C.
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